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Understanding the nature of solid-liquid interfaces is important for many processes of technological interest, such as solidification, liquid-phase epitaxial growth, wetting, liquid-phase joining, crystal growth, and lubrication. Recent studies have reported on indirect evidence of density fluctuations at solid-liquid interfaces on the basis of x-ray scattering methods that have been complemented by atomistic simulations. We provide evidence for ordering of liquid atoms adjacent to an interface with a crystal, based on real-time high-temperature observations of alumina-aluminum solid-liquid interfaces at the atomic-length scale. In addition, crystal growth of alumina into liquid aluminum, facilitated by interfacial transport of oxygen from the microscope column, was observed in situ with the use of high-resolution transmission electron microscopy.
Evidence of density fluctuations at solid-liquid interfaces based on x-ray scattering methods (1) (2) (3) (4) (5) and atomistic simulations (6) (7) (8) (9) (10) (11) has promoted interest in fundamental studies of the structure of solid-liquid interfaces. A limited number of studies have been conducted by high-resolution transmission electron microscopy (HRTEM) (12) (13) (14) (15) (16) because of the need for suitable microscopes and material systems that facilitate the study of such experimentally challenging systems. In principle, a liquid metal in contact with a solid ceramic substrate could serve as a model system for in situ HRTEM of solid-liquid interfaces. Earlier work on electron irradiation damage of ceramics has shown that damage processes occurring in alumina (Al 2 O 3 ) during transmission electron microscopy (TEM) studies induce the appearance of metallic aluminum (Al) in the form of interstitial dislocation loops, precipitates, or crystallites, as a result of electronic transition and/or ballistic knock-on displacement mechanisms (17, 18) . During irradiation with a highvoltage electron microscope (HVEM), the different threshold displacement energies of Al and oxygen mainly account for the selective displacement of Al ions (19, 20) . In situ heating in HVEM further accelerates the irradiation damage of alumina, resulting in the formation of liquid Al drops (21) .
In this study, in situ heating TEM experiments were performed in the Max-PlanckInstitut-Stuttgart high-voltage atomic resolution TEM (JEM-ARM 1250, Japanese Electron Optics Laboratory, Inc.) operating at 1.25 MeV. This 0.12-nm-point resolution microscope (22) is equipped with a hot-stage and a drift compensator, enabling highly stable working conditions at elevated temperatures up to 1000-C, and an electron energy loss spectroscopy (EELS) detector EGatan Image Filter (23)^for analytical characterization. All experimental work done for this study was conducted between 660-and 800-C (the melting point of Al is È660-C) and recorded on negatives or on a real-time (25 frames per second) charge-coupled device video camera. Experimental observations were obtained from pure single crystalline alumina (a-Al 2 O 3 , sapphire) specimens with different crystalline orientations, prepared by conventional dimpling and Ar ion thinning methods (24) .
During the examination of the specimens by HVEM and at two temperatures above the melting point of Al, two parallel processes were observed. In some regions, dissociation of the alumina was observed, and in other areas liquid aluminum droplets formed on the alumina specimen (Fig. 1A) .
The dissociation of the alumina is probably due to knock-on displacement damage processes that cause oxygen atoms to be knocked out of the alumina into the microscope column, leaving the aluminum atoms behind (19, 20) . Above the melting point of Al, the unoxidized Al atoms rapidly diffuse to the free surface and form liquid Al droplets on the alumina specimen.
The liquid drops at the edge of the Al 2 O 3 crystal can form different interface morphologies, such as those presented schematically in Fig. 1B . All of these interface morphologies were observed. However, only the configuration schematically shown in panel 1 of Fig. 1B provides an interface that can be interpreted by HRTEM, and only data from such interface morphologies are presented here. This was carefully checked during the experiments and subsequently confirmed by HRTEM image simulations.
Electron diffraction patterns of the droplets showed the existence of diffuse scattering rings, typical for short-range order in a liquid phase. Careful analysis of the chemical composition of the liquid droplets in situ, with the use of EELS at 800-C ( fig. S1 ), and ex situ analysis of the solid droplets with a dedicated scanning transmission electron microscope (STEM) (VG HB-501-UX) equipped with an EELS EUHV Enfina (23)^, confirmed that these droplets are in fact pure aluminum, and no oxygen or other elements were detected within the detection limits (È1.0 atomic %). The chemical state was further probed ex situ by EELS plasmon mapping ( fig. S2 ). The plasmon peaks of Al and a-Al 2 O 3 appear at 15 and 26 eV, respectively, and provide information on the oxidation state of Al. The metallic Al state was detected in the droplets, and only a thin native oxide skin was detected at the surface of the droplets. The occurrence of these pure liquid aluminum droplets on the crystalline alumina provides a unique opportunity to probe wetting dynamics at the atomistic level and makes this system suitable for the study of interesting structural phenomena occurring at solid-liquid interfaces. We addressed an intriguing question: What is happening immediately at the interface between the crystal and the liquid at the atomic level? Real-time movies recorded during the in situ heating experiments show a dynamical evolution of the interface. Image analysis of two successive movie images demonstrates layer-by-layer crystal growth into the liquid through ledge migration (Fig. 2) .
In addition, along the solid-liquid interface, periodic contrast perturbations are evident (Fig.  3 ) both perpendicular and parallel to the interface. These contrast perturbations were observed repeatedly (in different specimens and different crystallographic orientations) and under different imaging conditions (objective lens defocus), showing the reproducibility of such observations. The most important question is whether these contrast perturbations are due to ordering in the liquid or caused by imaging artifacts such as delocalization, objective lens defocus, and/or interface inclination.
Delocalization is an imaging artifact that can be notable in high-resolution images, which means that image details are displaced from their true locations in the specimen (25) . For example, if we look at a line scan across a simulated HRTEM image of an aluminavacuum interface calculated with the multislice method (26) and for the same imaging conditions as the experimental data (the black line in Fig. 4) , we observe contrast perturbations in the vacuum which are caused by the delocalization effect. However, inspection of the periodicity of the delocalization fringes and the ones observed in the experimental micrographs (red dots in Fig. 4 and fig. S3 , A and B) shows that the periodicities are totally different. To rule out the possibility that this contrast could be generated by delocalization when a Bperfect[ (completely disordered) liquid is present, a HRTEM micrograph of the interface was simulated using atomic coordinates of a perfect alumina crystal adjacent to liquid aluminum generated from molecular dynamics simulations (27) at a temperature of 927-C. The line scan across this interface is represented by the blue line in Fig. 4 (see also  fig. S3 , C and D) and shows a similar periodicity to that of the solid-vacuum interface. These comparisons show that the contrast perturbations observed in the experimental micrographs are not due only to delocalization but rather a convolution of this effect (which is always present) with ordering in the liquid. Another reasonable possibility is that these contrast perturbations are due to interface inclination or ledge growth (as shown schematically in panels 3 and 4 of Fig. 1B) . However, detailed image simulations showed that for inclined interfaces or interfaces containing ledges, a gradual decrease in contrast near the interface would be seen, with a contrast very different from that generated by an interface between a crystal and a partially ordered liquid.
Measurements of the spacing between the last layer of the crystal (marked as -1) and the first contrast perturbation in the liquid (marked as 1), from the image shown in Fig. 3 , result in a distance (TSD) of È3.5 T 0.25 ). The next spacing between the contrast perturbations (marked as 1 and 2) is 2.85 T 0.25 ). Subsequent spacings in the liquid further decrease until they reach the spacing of (0006) planes in alumina (È2.17 )), within the error range of the measurement (determined by the pixel size). The large change in spacing right at the interface may be caused by delocalization and/ or the formation of a transient phase caused by oxygen transport along the interface (28, 29) . This can be determined only by deconvoluting the influence of delocalization from the image contrast.
The results presented here provide evidence that crystals can induce ordering in liquids, even in high-temperature metal-ceramic systems. For the specific system in case, oxygen from the microscope column permeates the ordered liquid along the interface, and then is deposited as Al 2 O 3 by epitaxial growth, facilitated by the motion of interfacial steps. This indicates that crystal-induced ordering of liquids may play an important role in liquid phase epitaxial growth, as well as high temperature wetting. Although ordering in the form of layers of Al atoms parallel to the interface with the crystal was clearly detected, the time-averaged positions of the liquid atoms require further advanced TEM imaging techniques and comparison with computer simulations. Of particular interest is the degree of in-plane order (11) and comparison of the local atomistic structure in the liquid with the solidified interface and with AlAl 2 O 3 interfaces formed by other processing methods (30) .
Stem-Cell Homeostasis and Growth Dynamics Can Be Uncoupled in the
Arabidopsis Shoot Apex The cells of the CZ signal to the RM by producing the product of the CLV3 gene, a small extracellular protein thought to be the ligand for the CLAVATA1 receptor kinase, expressed in some RM cells (3, 4) . CLV1 acts, at least in part, by down-regulating the activity of the homeodomain protein WUSCHEL (WUS), also expressed in some RM cells (5, 6) . WUS acts, in turn, to up-regulate CLV3 expression in the overlying CZ by means of an unknown diffusible signal (7). CLV3 thus 
